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It is well known that the insular cortex is involved in the processing of painful input. The aim of this study was to evaluate the pain
modulation role of the insular cortex during motor cortex stimulation (MCS). After inducing neuropathic pain (NP) rat models
by the spared nerve injury method, we made a lesion on the rostral agranular insular cortex (RAIC) unilaterally and compared
behaviorally determined pain threshold and latency in 2 groups: Group A (NP + MCS; 𝑛 = 7) and Group B (NP + RAIC lesion +
MCS; 𝑛 = 7). Also, we simultaneously recorded neuronal activity (NP; 𝑛 = 9) in the thalamus of the ventral posterolateral nucleus
and RAIC to evaluate electrophysiological changes fromMCS.The pain threshold and tolerance latency increased in Group A with
“MCS on” and in Group B with or without “MCS on.” Moreover, its increase in Group B with “MCS on” was more than that of
Group B without MCS or of Group A, suggesting that MCS and RAIC lesioning are involved in pain modulation. Compared with
the “MCS off” condition, the “MCS on” induced significant threshold changes in an electrophysiological study. Our data suggest
that the RAIC has its own pain modulation effect, which is influenced by MCS.
1. Introduction
Neuropathic pain is a neurodegenerative disease, caused by
lesion or dysfunction of the central or peripheral nervous
system. It is one of the most difficult types of pain to control
because it is a multidimensional clinical entity mediated by
many different pathophysiological mechanisms [1–4]. Drug-
refractory neuropathic pain has been treated with invasive
treatments such as lesioning or electrical stimulation therapy
in the central or peripheral nervous system. Because of
advantages such as reversibility and adjustability, neuromod-
ulation therapy has become more popular.
In 1991, Tsubokawa first reported the use of motor cortex
stimulation (MCS) in a patient with chronic, drug-resistant
neuropathic pain [5]. MCS was initially applied to central
pain secondary to thalamic stroke, but, over time, its usage
expanded to various other types of neuropathic pain. The
clinical literature reveals that chronic MCS shows approx-
imate 45 to 75% of pain control rate [6–10]. Thus, the
MCS procedure was accepted as a promising therapy for
patients with severe drug-refractory pain. However, despite
the clinical use of MCS for pain modulation, the mechanisms
underlying its effects remain unclear.
Therewere several imaging studies and electrophysiologi-
cal investigations performed to solve themechanism ofMCS,
and they showed that many brain structures are activated
after MCS [11–13]. MCS was found to attenuate hyperactivity
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of thalamic neurons [5]. We have previously reported that
MCS modulate pain-signaling pathways and suppress acti-
vation of the ventral posterolateral nucleus (VPL) [14]. The
insular cortex, although not yet extensively explored, also
showed clear involvement in pain perception through imag-
ing studies using PET or fMRI. Within the insular cortex, in
animal studies, the rostral anterior insular cortex (RAIC) has
extensive reciprocal corticocortical connections which shows
its involvement inmultiple aspects of pain behavior [15]. Also
after making a lesion in the RAIC, there were diminished
pain-related behaviors in neuropathic models without later-
alization, which shows clear evidence of the pain modulation
role of RAIC [16].
The aim of this study was to evaluate the role of pain
modulation in the RAIC during MCS.
2. Materials and Methods
2.1. Animals. All procedures were conducted according to
the guidelines of the Ethical Committee of the International
Association for the Study of Pain and approved by the Insti-
tution Animal Care and Use Committee (IACUC) of Yonsei
University [17]. Male Sprague-Dawley rats (𝑛 = 23) weighing
180–200 g were used in this study. Three animals were
housed per laboratory cage with food and water available ad
libitum. Light was controlled under a 12 h light/dark (light on
between 07:00 am and 19:00 pm) cycle. The temperature was
maintained at 22 ± 2∘C and relative humidity was at 55 ± 5%.
Animals were allowed to acclimate for at least a week before
surgery and behavioral testing. The behavior-based study of
theMCS effect was observed in two animal groups: Group A,
a neuropathic pain group (𝑛 = 7), and Group B, neuropathic
pain + RAIC lesion group (𝑛 = 7). Furthermore, neuronal
activity of MCS effect was measured electrophysiologically in
the neuropathic pain group (𝑛 = 9).
2.2. Surgical Procedures
2.2.1. Surgical Procedures for Pain Model. To induce neu-
ropathic pain, we used the spared nerve injury (SNI)
method [18]. Rats were deeply anesthetized with pentobarbi-
tal sodium (50mg/kg, intraperitoneally), and the left sciatic
nerve was exposed. Under a surgical microscope (Olympus,
Tokyo, Japan), the three major divisions of the sciatic nerve
were exposed, and the common peroneal and tibial nerves
were completely ligated and transected. Hemostasis was
completed, and the cut was closed with muscle and skin
sutures.
2.2.2. MCS Electrode Implant. For MCS, we used a custom-
made liquid crystal polymer electrode [19]. One week after
establishing the animal model for neuropathic pain, we mea-
sured the pain threshold to determine whether the neuro-
pathic pain had been effectively induced. A detailed descrip-
tion of our behavior test for measuring pain threshold is in
Section 2.3.1. After the behavior test, rats that did not exhibit a
neuropathic pain response were excluded from this study. To
implant the MCS electrode, rats were anesthetized with pen-
tobarbital sodium (50mg/Kg, intraperitoneally) and fixed
with a stereotaxic frame (Narishige, Tokyo, Japan). The scalp
was opened and the skull was exposed. To place the electrode
on the left hindlimb area of the primarymotor cortex [20], we
made a rectangular hole (2.0mm × 2.0mm). The coordina-
tion was from −0.2 to +1.8mm from the Bregma and from 0.5
to 2.5mm from the midline. The electrode was placed in the
epidural space, and the electrode was firmly fixed using bolts
and glue.The scalp was secured with sutures after completing
all procedures.
2.2.3. RAIC Lesion. In Group B, prior to implanting theMCS
electrode, we made a burr hole that allowed us to insert an
electrode in the target site (RAIC, AP: anteroposterior direc-
tion: +1.0mm from the Bregma, ML: midline: +4.5mm right
side, lateral from midline, and DV: dorsoventral direction:
−6.0mm from the duramater) [16]. After inserting electrodes
in the target coordinates, we delivered an electrical pulse
of 0.1mA for 10 seconds for the RAIC lesioning. Then, the
lesioning electrode was removed and the MCS electrode was
implanted.
2.3. Behavior Tests. The time table for SNI modeling and
behavioral test in the two groups is presented in Figure 1.
2.3.1. Measuring Tactile Threshold. Rats were placed inside
acrylic cages (8×10×20 cm) on a wire mesh grid for measur-
ing themechanical threshold. After 30minutes of adaptation,
a series of von Frey filaments (0.4, 0.6, 1, 2, 4, 6, 8, and 15 g
of bending force) were applied to the lateral edge of the left
hind paw. We calculated the tactile threshold by using the
up and down method [21].
2.3.2. Measuring Response Latency. To measure the response
latency, rats were placed in the same acrylic cages. After
30 minutes of adaptation, we applied painful stimulation to
the left hindlimb, using a Plantar test unit (model 37370,
Ugo Basile Biological Instruments, Comerio, VA, Italy) which
measures the time by gradual application of strength auto-
matically. When the rat initiated a withdrawal response, the
Plantar test unit recorded the duration of resistance from
stimulation and the value of final force. We measured the
latency three times and used the average value for analysis.
2.3.3. Behavioral Test Schedule and MCS Parameters. After
30min of adaptation in the acryl cages, MCS was turned on
(biphasic pulses of 65Hz, 210𝜇s, 80 𝜇A, for 30min) using a
stimulator (Model 2100, A-M Systems, Sequim, WA, USA).
Behavioral tests were conducted at the following time points:
before stimulation, 30 minutes after the start of stimulation,
immediately after ceasing stimulation, and 5 times every
10min.
2.4. Electrophysiology. We simultaneously recorded neuronal
activity in the VPL of the thalamus and RAIC of NPmodel to
compare the changes before and afterMCS. Rats (𝑛 = 9), con-
firmed NP models after behavioral tests, were anesthetized
with urethane (1.3 g/kg), and a microelectrode (573220, A-M
Systems, Sequim, WA, USA) was inserted into the VPL and
RAIC to obtain extracellular recordings of single unit activity.
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Figure 1:The timetable of spared nerve injury (SNI) modeling and behavioral test in two groups (Group A: neuropathic pain + motor cortex
stimulation and Group B: neuropathic pain + rostral agranular insular cortex lesion + motor cortex stimulation).
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Figure 2: Histological verification of rostral agranular insular cortex (RAIC) lesions with fusing Mai atlas. Data from red dots (𝑛 = 7) were
analyzed in this study. Blue dots were excluded from data analysis.
Two-channel array electrodes were positioned stereotacti-
cally in the VPL (ML: +2.8mm; AP: −2.2mm; DV: −6.0mm
from theBregma) and theRAIC (AP: +1.0mm;ML: +4.5mm;
DV: −6.0mm from the Bregma).The neuronal activities were
recorded for 5 minutes. During acquisition of the neural sig-
nal, mechanical stimulation, using 300 g of von Frey hair fila-
ments, was applied to the rats’ left hind paw area. Signals from
the microelectrode were amplified (amplifier model 1700, A-
M Systems, Sequim,WA, USA), and the signal was converted
and transmitted to the recording system using an AD con-
verter (Micro 1401, Cambridge Electronic Design Limited,
Milton Road, Cambridge, UK). The data were stored by
Spike 2 (Cambridge Electronic Design Limited, Milton Road,
Cambridge, UK). Recorded waveforms were analyzed using
Offline Sorter (Plexon Inc., USA), NeuroExplorer (NeuroEx-
plorer Inc., USA).
Signal analysis was obtained for 20 sec before and after
MCS. Because of firing differences in each region following
MCS, the interval between the signal analyses was regulated.
2.5. Histological Verification of RAIC Lesion. To verify the
RAIC lesioning after completion of our experiments, rats
were intracardially perfused with normal saline and fixed
with 4% paraformaldehyde in PBS (pH = 7.4). The brain
was carefully removed and prepared for frozen sectioning.
Coronal sections of 30 𝜇m thickness were obtained using a
microtome with deep freezer (Figure 2). The slices were dyed
using cresyl violet. Microscopy images were obtained using a
microscope (Olympus, Tokyo, Japan).
2.6. Statistical Analysis. Data are reported as mean ± SEM.
Behavioral test data were analyzed using one-way and
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Figure 3:The change of mechanical thresholds was measured every
week after pain modeling. Group B showed higher mechanical
thresholds compared to Group A at 3rd and 4th weeks, which was
statistically significant [two-way analysis of variance (ANOVA)with
Bonferroni post hoc tests; ∗∗∗𝑝 < .0001].
two-way analysis of variance (ANOVA) with Bonferroni’s
post hoc test. Electrophysiological data were evaluated using
the Friedman test followed by Dunn’s post hoc test. The
𝑝 values of <.05 were considered significant. All statistical
analyses were performed using SPSS (Version 20, SPSS Inc.,
Chicago, IL, USA).
3. Results
3.1. Changes of Mechanical Threshold in Groups A and B.
One week after pain modeling, we measured mechanical
threshold in these rats.The averagemechanical threshold was
significantly decreased from 16.85±0.50 to 1.2±0.45 g (mean
± SEM) in Group B and from 17.00 ± 0.43 to 1.22 ± 0.38 g in
Group A (Figure 3). After RAIC lesioning, in Group B, we
measured the mechanical thresholds after the 2nd week. The
average mechanical threshold of Group B was increased to
3.07 ± 0.53 g and this was also significantly higher (𝑝 < .001)
than that of Group A (0.41 ± 0.09 g). At the 3rd week after
modeling, the increased mechanical thresholds in Group B
were maintained (2.75 ± 0.45 g), and the threshold was also
significantly higher than that in Group A (0.46 ± 0.09 g, 𝑝 <
.001).
3.2. Changes inMechanicalThresholds in Groups A and B with
MCS. To examine the effect of MCS over time in each group,
we measured pain thresholds in both groups withMCS at the
3rd week when the neuropathic pain model was established.
Mechanical thresholds were measured in Groups A and B at
regular time intervals. In both Groups A and B, the statistical
significant changes of threshold were observed only during
MCS on and immediate MCS off (Table 1). Compared to
prestimulation value (Pre; 0.47 ± 0.90 g), mechanical thresh-
old values were increased in Group A during MCS on (15
minutes; 3.85 ± 0.69 g) and immediate MCS off (30 minutes;
2.94±0.42 g) and 10minutes afterMCS off (40minutes; 2.27±
0.32 g). Similarly, compared to prestimulation value (Pre;
22.75 ± 0.45 g), mechanical threshold values were increased
in Group B during MCS on (15 minutes; 10.08 ± 1.95 g)
Table 1: Mechanical threshold measurement comparisons for
Groups A and B at various time points: before (Pre), during (15 and
30 minutes), and after (40, 50, 60, and 70 minutes) motor cortex
stimulation. Motor cortex stimulation began at 15min time point.
Time (minute) Mechanical thresholds (gram)
Group A Group B
Pre 0.470 ± 0.090 2.750 ± 0.456
15 3.859 ± 0.698∗∗∗ 10.080 ± 1.951∗∗
30 2.940 ± 0.423∗∗∗ 8.596 ± 2.454∗
40 2.226 ± 0.321∗∗∗ 8.428 ± 2.478∗
50 1.709 ± 0.360 5.015 ± 1.204
60 1.010 ± 0.339 3.646 ± 0.839
70 0.858 ± 0.218 3.045 ± 0.741
Comparisons among groups were made using repeated measures one-way
analysis of variance (ANOVA). ∗∗∗𝑝 < .001, ∗∗𝑝 < .01, and ∗𝑝 < .05 for
comparisons.
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Figure 4: Changes of mechanical thresholds before, during, and
after electrical stimulation of motor cortex stimulation (MCS) in
Groups A and B. Two groups showed the increment of mechanical
thresholds during MCS on, and these antinociceptive effects of
MCS lasted for more than 30 minutes even though the electrical
stimulation was off state. And the difference between mechanical
thresholds of two groupswas statistically significant until 40minutes
[two-way analysis of variance (ANOVA) with Bonferroni post hoc
tests; ∗∗𝑝 < .01].
and immediate MCS off (30 minutes; 8.59 ± 2.45 g) and 10
minutes after MCS off (40 minutes; 8.42 ± 2.47 g).
In order to investigate the effect of RAIC lesion on
mechanical thresholds over time, Groups A and B were com-
pared at each time point. Statistically significant differences in
threshold values between Groups A and B were observed at
time points of 15, 30, and 40 minutes (Figure 4).
3.3. Latency. We measured pain response latency at 3 weeks
after SNI modeling in both Groups A and B. In Group A,
the baseline mechanical latency was 9.44 ± 0.37 sec, and
the latency was significantly increased by MCS on, 15.37 ±
0.89 sec, which was statistically significant (𝑝 < .05). In
Group B, the baseline latency was 15.96 ± 0.68 sec, and it
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Figure 5: Overall changes of latency to withdrawal in Groups A
and B with or without motor cortex stimulation (MCS).The latency
increased with MCS on compared to MCS off in both Groups A
and B which were statistically significant. During MCS off state,
Group B showed longer latencies to withdrawal compared to Group
A, which was statistically significant change. Also during MCS on
state, latency increased in Group B with statistical significance [two-
way analysis of variance (ANOVA) with Bonferroni post hoc tests;
significant interaction between MCS and RAIC lesion factors 𝐹 =
5.081, 𝑝 = .0336]. ∗∗∗𝑝 < .001 and ∗∗𝑝 < .01.
increased to 19.00 ± 0.70 sec during MCS on, which was also
statistically significant (𝑝 < .05).
In Group B without MCS, the latency showed signifi-
cant increase compared with Group A without MCS. These
findings were also noted after MCS on (Figure 5). Also,
two-way analysis of variance showed significant interaction
betweenMCS and RAIC lesion factors on withdrawal latency
(Figure 5). Therefore, MCS with additional lesioning of the
RAIC (Group B with MCS on) was more effective for pain
suppression than MCS alone.
3.4. Neuronal Activity in the VPL and RAIC with MCS.
Neuronal firing rate was rapidly increased in both VPL
(245.9±51.17%) andRAIC (171.7±20.57%) uponmechanical
pain stimulation and showed typical postdischarge patterns
of neuropathic pain (Figures 6(a) and 6(b)). Without MCS,
in both VPL and RAIC, percentage changes in spontaneous
activity were not significantly different between pain stimula-
tion (30–50 s; pain) and after discharge (60–80 s; after). Firing
rates were significantly reduced in the postdischarge zone
(60–80 s) with MCS on in both VPL (107.00 ± 11.43%) and
RAIC (96.71 ± 6.00%) compared to firing rates during pain
stimulation (30–50 s) with MCS off (VPL: 245.9 ± 51.17%;
RAIC: 171.7 ± 20.57%; Figures 6(c) and 6(d)).
4. Discussion
The purpose of our study was to investigate the pain mod-
ulatory effect of MCS on the insular cortex, especially in the
RAIC.Themechanism ofMCS-induced painmodulation has
still not been elucidated despite its clinical use. One of the
most widely accepted hypotheses to explain the antinoci-
ceptive effect following MCS is that pain is modulated by
descending inhibitory systems [2, 22–24]. The corticospinal
tract from the motor cortex descends through the internal
capsule and, after decussating in caudal medulla, reaches the
spinal cord neurons in the anterior and posterior horn [25].
Because of a lack of direct projection from the primarymotor
cortex (M1) to superficial layers or the marginal zone of the
dorsal horn,MCSmay indirectly inhibit nociceptive inputs in
the spinal cord [26]. Moreover, the motor cortex has diverse
efferent projections to widely distributed cortical and sub-
cortical areas. These structures include the thalamic nuclei,
which receive strong projections from the motor cortex, an
important site for sensory modulation [27]. The periaque-
ductal gray (PAG) system, coupled with the rostral ventro-
medial medulla (RVM), exhibits descending antinociceptive
effects by activating the opioid system, and these two struc-
tures are connected with descending tracts [28]. Another
MCS antinociception mechanism could be modulated by
an ascending inhibitory system. The thalamus, activated by
MCS, could inhibit nociceptive processing, but the specific
nuclei affected by MCS and the source of altered inhibition
are still debatable [29]. In an animal study of MCS, Cha et al.
reported an enhanced inhibitory and antinociceptive input
from the nucleus of zona incerta to the posterior thalamus
[30].
Melzack and Casey suggested that the pain experience
reflected interacting sensory, affective, and cognitive dimen-
sions, which could influence each other [31]. In some imaging
studies, attempts were made to determine the mechanism
underlying the MCS. For example, using positron-emission
tomography (PET), researchers have found that MCS was
associatedwith increased blood flow in the orbitofrontal, sub-
genual anterior cingulate cortex, midcingulate cortex, insula
cortices, thalamus, and brainstem [11–13]. Another PET study
showed that the anterior midcingulate cortex and PAG were
significantly correlated with the degree of clinical outcome
of MCS, showing that these structures exhibited decreased
exogenous ligand binding because of increased endogenous
opioid secretion [32].
Fromprevious imaging studies, onemight infer thatMCS
could influence the insular cortex. However, there were no
other experimental studies to implicate the role of the insular
cortex in chronic stimulation of themotor cortex.The insular
cortex is known as amultidimensional neuroanatomical con-
vergence site for the integration of pain. By direct connection
from the thalamoinsula pathway, pain information could be
received at this site for sensory and affective integration.
Historically, pain related to the insular cortex was only noted
by asymbolia and pseudothalamic pain syndrome [33, 34].
Other evidence was from electrical stimulation of the poste-
rior insula cortex, which produced pain with thermal stimuli
in distinct sites on contralateral locations [35]. In animal
studies, the RAIC showed somatic afferent pathways in rela-
tion to nociceptive input [15, 36, 37]. In addition, Coffeen et al.
showed diminishment of neuropathic pain-related behaviors
after lesioning in the RAIC of neuropathic model which was
not in sham lesion, similar to our study. However, the MCS
effect on the RAIC had not yet been demonstrated.Therefore,
we used two groups of animals, each with an established
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Figure 6: Electrophysiological recordings showing firing rate changes upon mechanical stimulation with 300 g von Frey filament and motor
cortex stimulation. Firing rate at the ventral posterolateral nucleus (VPL) markedly increased upon pain stimulation and the trend persisted
after discharge, but the postdischarge firing rate decreased when MCS was applied (a). Similarly, firing rate at the rostral agranular insular
cortex (RAIC) markedly increased upon pain stimulation and the trend persisted after discharge, but the postdischarge firing rate decreased
when MCS was applied (b). Each VPL and each RAIC wave form are presented on the right. Percentage changes in spontaneous neuronal
activity, recorded from VPL (c) and RAIC (d), were decreased after MCS on state. And these changes were statistically significant compared
with mechanical stimulation without MCS (𝑝 < .05). Statistical analysis was made using Friedman test followed by post hoc Dunn’s multiple
comparison test. ∗∗𝑝 < .01; ∗𝑝 < .05; NS = not statistically significant.
neuropathic pain model, either without RAIC lesioning
(Group A) or with lesioning (Group B), and compared
their pain thresholds behaviorally and electrophysiologically.
Upon mechanical stimulation, pain thresholds were signifi-
cantly lower in Group A, which was what we expected from
previous research. However, when we added MCS to both
groups, Group B showed significant increase in threshold
compared to Group A. These findings were also noted in
pain latency from paw withdrawal tests. Therefore, we could
assume that RAIC has its own pain modulation effect, and
when adding MCS, the additional pain modulation effect
could be shown. But, in our electrophysiological study,
the percentages of changes in spontaneous activity were
increased in both VPL and RAIC after mechanical stimula-
tion with 300 g von Frey filament. Compared to the MCS off
state, the changes of percentages after MCS on were noted
in both regions (VPL and RAIC), which means the RAIC is
also influenced by MCS. However, the quantitative influence
of MCS on insular cortex is limited from our results. And
though the RAIC has related to not only pain behavior but
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also anxiety behavior, we couldmake conclusion cautiously as
abovewhenwe coupled it with our electrophysiological study.
In human studies, direct electrical stimulation of insular
cortex during depth stereotactic EEG showed some degree
of somatotopic organization [38]. But, in animal studies, the
somatotopy related to pain process is not fully understood.
Jasmin et al. showed a unique property of RAIC in that it
could respond as both analgesic and hyperalgesic responses
by selective modulation of GABA receptors [39]. The RAIC
has multiple reciprocal connections with pain structures,
such as orbital, infralimbic, and anterior cingulate cortices,
rostroventral medulla, and periaqueductal gray matter [15].
In addition, caudal granular insular cortex (CGIC), about
4mm caudal to RAIC, is also known as having a role in long
term alleviation of allodynic pain modulation [40]. In this
study, we did not compare the MCS effect on both the RAIC
and the CGIC, so our findings have limitations on the infor-
mation about MCS effect on the whole insular cortex. Addi-
tionally, the centromedian/parafascicular (CM/Pf) nuclei,
which receive dense projection from the motor cortex, were
inhibited byMCS, and these nuclei have interconnectionwith
the limbic system. Therefore, our electrophysiological results
could be the result of direct response toMCS or from indirect
through CM/pf nuclei [41]. To clarify the source of the effect
of MCS on RAIC, we will need to block the CM/Pf effect,
which could also demonstrate the amount of MCS effect on
RAIC.
5. Conclusions
The results in this work suggest that the RAIC is influenced
by MCS and that lesioning RAIC could produce more pain
reduction. Along with previous data, our findings may con-
tribute to a better understanding ofMCS effect and the role of
RAIC in pain modulation.
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